A new calibration method for slotted disk velocity selectors is presented and is compared with other calibration procedures.
Introduction
Slotted disks velocity selectors (SDVS) are widely used to produce molecular beams with a well defined velocity and to study the velocity distribution of beams produced by effusive or hypersonic sources.
The relevant characteristics of SDVS (velocity resolution, transparence, sidebands elimination) have been widely discussed [1] [2] [3] [4] . They are evaluated from the geometry of the rotor assembly but may be influenced by the experimental conditions (angular divergence of the beam; misalignment with the rotor axis). In particular the velocity of the selected particles may not correspond to the nominal one. On the other hand, improvements in the experimental techniques of beam production and detection, for alkali and, more recently, for non-alkali systems, allow the resolution of many different "lines" in the "collisional spectra" of these substances. However, the information content is strictly correlated 5 -6 to the uncertainty in the velocity scale.
In this note a new method of velocity selector calibration, using supersonic molecular beams, is reported. The assumed velocity distribution is discussed taking into account some recent experimental 7 and theoretical results 8 -9 and disadvantages of this method are discussed and compared with other calibration procedures 10-12 .
Calibration Methods
A velocity selector rotating at a frequency v transmits molecules in a well defined velocity range. The maximum of the transmission is given at the nominal velocity vo which, in the ideal conditions (beam with no angular divergence and parallel to the selector axis) is given by
where 0 is the angular shift and L is the distance between the first and the last disk. The quantity 2 n L/<£> is the nominal calibration factor (/o) of the selector.
The transmitted velocity distribution is
where B (v,vo) 1 is the transmission function and I(v) is the velocity distribution of the beam. If the beam is not parallel to the selector axis the angle 0 may be replaced by an effective angle 0 A, and the nominal calibration factor /o by the effective calibration factor
while the transmission function is weakly dependent on the angle A 1 . It is generally experimentally difficult to make A negligible in respect to 0 by optical alignment due to the constraints of the experimental set up. For this reason different in situ calibration techniques have been used which can be schematically grouped as follows: a) methods which use mainly the geometric properties of the selector, b) methods which use the knowledge of the velocity distribution of a reference beam.
In the case a) selectors which allow the choice of two different ranges of velocity for the transmitted particles, corresponding to clockwise or counterclockwise rotation, are used 13 . By comparing the different measured frequencies corresponding to the same velocity (often the maximum of the transmitted distribution) it is possible to determine the angle A. In this case attention must be paid to the fact that the maxima of the transmitted distribution may not correspond to the same velocity, especially for narrow distribution and non symmetric transmission function. This method was recently improved using symmetric selectors 10 -11 i.e. with the same characteristic (including the transmission function) when they rotate clockwise and counterclockwise. In this case the calibration is completely independent of the beam properties. Symmetric selectors are not always available and convenient. Some authors use inclined tooth selectors 3 -14 in order to increase the transparency; therefore, no arrangement of the disks can give a symmetric selector in this case.
In case b) a theoretical velocity distribution is compared with the experimental intensity as a function of the rotor frequency. This method has been generally used with maxwellian beams effused from a source at a known temperature. Due to the relatively small intensity of such a beam, sensitive detectors are required. The background pressure must be low enough to avoid changes in the shape of the velocity distribution due to velocity dependent 15 -16 scattering of the beam molecules by residual gases. It is very hard to fulfil these two conditions for non alkali beams. We describe here a calibration method which avoids these difficulties by using a supersonic molecular beam.
Velocity Distribution of a Supersonic Molecular Beam
A supersonic molecular beam is produced by sampling a free expanding jet with a collimator of proper shape called a skimmer. Because of the different flow conditions along a single flow line, the problem of free expanding jets is not jet completely understood even in the relatively simple case of an ideal monatomic gas. HAMEL and
proposed a maxwellian distribution function with respect to the bulk velocity separated into two factors for the degrees of freedom parallel and perpendicular to a flow line (ellipsoidal model). The mean random velocities parallel and perpendicular to the flow are generally different (C||, C±) and define the "temperatures" T<| and T± via the usual equation:
where K is the Boltzmann constant and ra is the molecular mass. Experimental results 7 and theoretical calculation 8 have shown that the ellipsoidal model is a good approximation for the real distribution. The agreement is particularly good for the parallel distribution, so that the usual velocity distribution for a supersonic beam 18 is assumed to be
where u is the bulk velocity and T\\ the parallel temperature at the skimmer. Introducing the dimensionless velocity x
where To is the source temperature, and the parallel speed ratio defined by: dx.
(5)
The energy conservation law for a monatomic gas combined with the hypothesis of adiabatic expansion and an ellipsoidal velocity distribution gives 19
%KT0 = |mw2 + | KT{] + KTX. (6)
For isotropic temperature at the skimmer (Tx = Ty)
while in the limiting situation of TJT\\ 1 ayr,, = S + *sn*.
Taking into account Eqs. (7) and (8) 
where a lies between 3/5 and 1. Eq. (9) like Eq. (4), contains two parameters, but at high $y values ($H >10) the dimensionless most probable velocity CCM is almost independent of and is very weakly dependent on a.
In Fig. 1 the a? M values as a function of for the two limiting values of a are reported. In the same figure the XM values for a equal to zero, which correspond to the usual approximation obtained by replacing the bulk velocity with its limiting ($,, -^ oo) value Uoo
$")2] dx
The nozzles used were 0,027 and 0,063 mm in diameter and the skimmer diameter was 0.41 mm. The nozzle-skimmer distance was 3.5 mm. Typical background pressures were 5 • 10~5 torr in the = y §2 KTolm, are also shown. 
Experimental
Velocity distribution of supersonic molecular beams were measured in an apparatus built for the study of the energy dependence of He 4 -He 4 integral collision cross sections 20 . Relevent dimensions of the selector are given in Table 1. expansion chamber and tion chamber.
• 10~6 torr in the detec-
We carefully measured the nozzle temperature to avoid systematic errors. The nozzle, made of copper, is in good thermal contact with a thermostat, filled with water several hours before the measurements at a temperature TQ (see Fig. 1 , Ref. 6); To is measured with a mercury thermometer to within 0.1 °C. A platinum resistance thermometer is used to check that the source temperature remains constant when gas flows through the nozzle.
All the distributions were measured at room temperature. Several monatomic gases (Ne, Ar, Kr) of commercial purity were used at various stagnation pressures.
The theoretical intensity at the detector I(xo) is computed by numerical integration of the equation.
where B'(x, :ro) is the transmission function of the selector, E(x) is the efficiency of the detector (in our case it is assumed to be proportional to x 2 ). By comparison of the experimental intensities as a function of the selector rotational speed with I (zo) (with a = 1 in g{x)) on a log-log plot, we determined, for the best Sy value, the factor c between the dimensionless velocity and the frequency scale. The calibration factor of the selector / is thus obtained multiplying c by (1KTO\M) 1 / 2 where TQ is the measured nozzle temperature. In Table 2 the / values obtained in different experimental conditions are reported. No systematic variation of / for the different gases used and for the various speed ratios seems present. The standard deviation of / from its mean value is 0.6%; an additional error of 0.2% is due to the uncertainty in the parameter a. The measured value of the calibration factor is 3.1% less than the nominal one; the misalignment angle between beam direction and selector axis is thus 3,72 x 10~3 rad. In Fig. 2 
Conclusions
The velocity selector calibration was made in situ with the same experimental apparatus used in the He 4 -He 4 integral cross section experiments. The error in the velocity scale is comparable with those obtained in accurate calibrations using symmetric selector techniques 10 -11 or measuring maxwellian distribution of alkali beams 12 . The two main advantages of the calibration reported here are the use of a source whose temperature can easily be determined with high accuracy and its applicability to any kind of selector. Supersonic beams produce large signals at the detector and, due to their narrow distribution, the velocity dependent background scattering changes the shape of the velocity distribution by a smaller amount. Classical beams have the advantage that the distribution function is predicted by exact kinetic theory, but in order to have a Maxwell-Boltzmann equilibrium distribution, measurements must be taken at quite high source Knudsen number (Kn > 10), thus obtaining beams of relatively small intensity. 
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